Abstract-A new Lightning Protection System (LPS) was designed and built at Launch Complex 39B (LC39B), at the Kennedy Space Center (KSC), Florida, which consists of a catenary wire system (at a height of about 181 meters above 
I. FLUKE 1630 EGC MEASUREMENTS
The Earth Ground Clamp (EGC) works under the principle that in parallel/multi-grounded systems, the net resistance of all ground paths will be extremely low as compared to any single path (the one under test). So, the net resistance of all the parallel return resistances is effectively zero. The type of measurement done by the EGC is a "stake less" measurement, and it only measures individual ground rod "resistances" in parallel to earth grounding systems, as stated by the manufacturer [1] . If the ground system is not parallel to an earth grounding system, then either an open circuit or a ground loop resistance is measured. Fig. 1 shows the equivalent circuit of the grounding resistance measurement, given by the EGC manufacturer [1] . 
A. LC39B Lightning Protection System's Downconductor Grounding Measurements
The Launch Complex 39B (LC39B) lightning protection system (LPS) built at the Kennedy Space Center (KSC) is described in [2] . EGC measurements were performed at the LC39B LPS nine downconductor locations on a bimonthly basis during 20 10, summer through fall, and on a weekly basis since summer of 20 11. Table I shows the corresponding 20 10 measurements as well as statistical values corresponding to eight months of measurements in 20 11 and 20 12. 
B. EGC Measurements Test
The EGC used to take the measurements shown in Table I was tested in the laboratory to measure three different RL series circuits: 1) mostly resistive, 2) balanced resistive inductive impedance, and 3) mostly inductive, to determine if the measured value (ClampMeas) was either the loop "resistance" or "impedance" of the circuit. Table II shows the results of these tests and Fig. 2 shows the electrical circuit and component values used to achieve the desired resistance and inductance values. The combination of resistor(s) and inductor(s) were selected, so that the magnitude of the series impedance was approximately 12.68 Ohms (the average of the EGC measurements from 08/27/20 10 to 101 13120 10, see Table I ).
Additionally, a LeCroy WaveRunner 104MXi oscilloscope was used to obtain the measuring frequency of the EGC. This was achieved by measuring the voltage across the resistor of a test circuit; the measured frequency was 3.3 kHz.
The electrical impedance can be expressed in tenns of its magnitude:
(1) and phase:
</> = tan {XJ R) (2) where R is the resistive and X is the reactive component of the impedance, respectively.
In the case of a RL series circuit, the reactance is only inductive: From the measurements shown in Table II , it seems like the FLUKE 1630 EGC overestimates the loop impedance of the circuit by about 3% (when the RL test circuit was mostly resistive), by about 7% (when the RL test circuit was balanced), and by about 8% (when the RL test circuit was mostly inductive). Reactance calculated using (3) andj=3.3 kHz.
b.
After measurements were taken, the inductor was removed from the circuit, and the EGC measured 12.6, 8.18 and 1.5 Q. Figure 2. RL measurements equivalent circuits (see Table II ).
II.
DOWNCONDUCTOR IMPEDANCE CALCULA nON Fig. 3 shows an equivalent circuit for a downconductor connected to the LPS catenary wire system at LC39B, where Rg is the grounding resistance, Zde is the downconductor's loop impedance, and Zeq_de is the equivalent impedan � e of the LPS and the other eight down conductors. The dIfference between this equivalent circuit and the one shown on the EGC measurement principle, Fig. 1 , is the presence of the downconductor's loop impedance in series with the grounding resistance Rg. If we assume that all of the downconductor's loop impedances and their corresponding grounding resistances are similar, we can say that Zeq_de « Zde + Rg. Therefore, the assumption that Zeq _de ;:0; 0 can be made. From the EGC laboratory test (see Table II ) it was verified that the EGC measures the impedance, which can be overestimated by as much as 8 %. If we try to use the EGC to measure the ground resistance at any downconductor, we would expect the EGC to measure the series of the grounding resistance and the downconductor's loop impedance (Rg + Zde) see Fig. 3 :
Equation (4) gives the relationship between the values measured using the EGC, Zg, the ground resistance, Rg, and the downconductor's loop impedance, Zde.
A. Cable Data
The cable used for the LC39B LPS downconductors is 6 x 19 Class, preformed 316 Stainless Steel wire rope. Table III shows the dimensions and lengths of each segment of cable used for each downconductor. Fig. 4 shows a plan view of the LPS identifying all the downconductor's location. The height of the lightning protection towers, including the insulating mast (installed atop the towers which support the catenary wire system and one end of down conductors 1, 2, 5, 6, 8 and 9) is about 18 1 meters. It is worth noting that the height of the downconductors 2, 3 and 7 is effectively less than that of the downconductors connected to the insulating masts because of the catenary wire sag. This difference in height is not considered here, since all downconductors are assumed to have the same length. The Direct Current (DC) resistance of a cylindrical wire conductor of uniform cross section can be calculated using (5): With both values of radius for the down conductor cable (Table III) 
An ATP model was built to calculate the downconductor's loop impedance. The down conductor was divided into four sections. Each section was modeled as a single-phase overhead transmission line (with no sag) and heights corresponding to 20, 40, 60 & SO% of the maximum height of the down conductor (lSI meters). All these sections were connected in series (see Fig. 5 ). Each down conductor is excited by a single phase Alternating Current (AC) voltage source with the same frequency as the one used by the EGC (3.3 kHz) connected to one end of the 20%-height line section and the other end of the downconductor model is connected to ground (see Fig. 6 ). The downconductor loop impedance can be estimated (or calculated) by dividing the source's voltage by the current flowing through the system. This ATP model (for each downconductor) uses the following components:
• Voltage sources: single phase AC type 14 (ACIPH)
• Lines: single phase LCC PI model and JMarti model, for an additional simulation (see Table IV ).
• Probes & 3-phase: probe volt and probe current Fig. 6 shows the equivalent circuit used to measure the downconductor impedance using the PI Model for the transmission line segments. Also, the voltage and current waveforms are displayed with their respective peak values. 
1) Single Downconductor Model
Since the EGC measurements (ClampMeas, see Table I ) correspond to a grounding impedance (see Section IB), each downconductor's grounding resistance can be calculated from the EGC measurement and the A TP calculated down conductor impedance (Zdc), which is Rdc + Xdc:
(S) Equation (S) was solved for Rg and the results are shown in Table IV , where two transmission line models were used (PI and JMarti). Additionally, for each one of the two transmission line models used, the grounding resistance was calculated assuming the resistive component of the downconductor impedance was negligible (Rdc=O). In this case, (S) can be simplified as follow: 
2) LPSModel
All the individual downconductor equivalent circuits were integrated into a LPS model. The LPS model consists of the downconductor transmission line sections and the catenary wire system transmission line sections. The technique described in Section 2B 1 was used to calculate the impedance of the individual downconductors taking into account the equivalent circuit of the LPS. The transmission line model used for the LPS's catenary wire system simulation is the same A TP PI model used for the individual downconductor simulations taking into consideration the following:
1) The catenary system uses a conductor with a radius of 0.0 127 meters (1/2 inch), so the DC resistance (per kilometer) used in the model will be given by (10).
2) The length of each catenary section (see Table V) follows the distances shown in Fig. 8.  3 ) The height of all the catenary sections is the same, 18 1 meters and no sag is considered. Calculated using (9).
Calculated using (8) individual downconductor models (see Section 2Bl) and the LPS model (see Section 2B2). It is worth noting the similarity of both results, which validates the use of individual downconductor models for ground resistance calculation. Additionally, as previously done for the individual downconductor model (see Section 2Bl) the grounding resistance was calculated assuming the resistive component of the downconductor impedance was negligible (Rdc=O). 
III. CONCLUSIONS
A commercial device, FLUKE 1630 EGC, used to measure grounding impedances for individual ground rod "resistances" in parallel to earth grounding systems was used to measure the individual downconductor impedances and grounding resistances of the LC39B LPS grounding system at KSC. This device overestimates the loop impedance by up to 8% when tested with a mostly inductive test circuit. An 
